To identify key genes in the regulation of salt tolerance in the mangrove plant Bruguiera gymnorhiza, transcriptome profiling in the lateral and main roots under conditions of salt stress was performed. Statistical analysis revealed that 175 and 403 of 11,997 genes shoewd significantly increased high expression in the lateral and main roots respectively. One hundred and sixty genes were up-regulated in both types of roots in the early time period, 1 to 12 h after salt treatment. Expression vectors for 28 selected salt responsive genes were constructed and transformed in Agrobacterium tumefaciens, and then screened for salt tolerance. A. tumefaciens transformed with genes for lipid transfer, zinc finger, and ankyrin repeat proteins showed enhanced salt tolerance. Transgenic Arabidopsis plants expressing these three genes also exhibited increased tolerance to NaCl. These results indicate that Agrobacterium functional screening is an effective supplemental method of pre-screening genes involved in abiotic stress tolerance.
Salinity stress is one of the most significant limiting factors in agricultural crop productivity. 1) Hence, improving salt tolerance in crops is essential for sustainable food production. Molecular approaches have been applied to identify salt stress response genes in higher plants, and key genes that enhance plant salt tolerance have been identified, including the genes for lateembryogenesis abundant proteins (LEA) from barley, 2) and dehydration responsive element binding protein 1 (DREB1), 3) vacuolar Na þ /H þ antiporter (AtNHX1), 4) vacuolar H þ -pyrophosphatase (AVP1), 5) and salt overly sensitive 1 (SOS1) 6) from Arabidopsis thaliana. Microarray is a powerful tool for comprehensive examination of gene expression, and it has been applied to monitor the expression profiles of both glycophytes and halophytes under salt stress. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Transcriptional profiling of the mangrove plant Bruguiera gymnorhiza to salt stress has been reported, 15) but the salt responsive genes identified contained no regulatory gene. This was presumably due to the low quality of the spotted array. Hence we prepared an oligoarray and performed a transcriptional and physiological study of the response of B. gymnorhiza leaf to salt and osmotic stress using it.
16) The leaves of B. gymnorhiza wilted 6 h after salt treatment but recovered at 24 h, 17) suggesting the activation of salt-tolerant or salt-adaptive mechanisms in B. gymnorhiza in response to salt stress. Although these studies revealed numerous salt responsive genes, few novel genes were found that were responsible for the salt tolerance mechanisms. On the other hand, functional screening of a cDNA encoding key protein in the salt-tolerance mechanism in the mangrove plant Bruguiera sexangula was identified by cDNA screening, using E. coli as the host organism. 18) Root tissues are thought to play an important role in salt tolerance, because they are directly exposed to salt. A transcription factor gene, AtNAC2, was induced by salt stress, and overexpression of AtNAC2 in transgenic Arabidopsis plants resulted in promotion of lateral root development. 19) Accumulation of Na þ in salt cress occurred in older leaves, with the least accumulation of Na þ observed in the lateral roots. 20) These results suggest that lateral root development plays an important role in plant salt tolerance.
Here we report the transcriptional analysis of two types of roots, main and lateral roots, in the salt-treated mangrove plant Bruguiera gymnorhiza, and the identification of salt tolerance genes by functional screening in A. tumefaciens. The CaMV 35S promoter is functional in both plants and Agrobacterium. Hence a largescale screening of cDNA expression library in Agrobacterium constructed for plant transformation can be exploited as a simple tool to screen for abiotic stress tolerance prior to in planta screening, which can lead to the identification of the genes involved in common stress tolerance mechanisms between prokaryotes and eukaryotes.
Materials and Methods
Plant materials. Cultivation of B. gymnorhiza and stress treatment with 500 mM NaCl were performed as previously described. 16 ) Main roots and lateral roots were collected from sets of three trees at 0, 1, 3, 6, 12, and 24 h, and 3, 6, and 12 d after NaCl-treatment, comprising a total of 27 trees. At each time point, the treated plants were first pulled from pots, and then the roots were washed briefly in water, wiped with paper, and separated from the rest of the plant. Sample materials were frozen with liquid nitrogen and stored at À80 C.
Measurement of ion contents. Root and leaf dry weights were determined after drying for 24 h in an oven at 60 C. To measure Na þ , K þ , and Cl À contents, the dried samples were powdered by mortar and pestle, and then placed in 0.5 N HNO 3 or deionized water for cation and anion extraction respectively, and the mixture was incubated at 80 C overnight. The Na þ , K þ , and Cl À ion concentrations in the extract were determined using Ion analyzer IA-300 (Toa DKK, Tokyo) according to the manufacturer's protocol. Ion concentrations were calculated based on the water content in the samples. Values are presented as means from three replications for main roots and leaves. One value is presented for the lateral roots at each time point because the amount of lateral root samples was very small.
Oligoarray experiment. A B. gymnorhiza microarray containing 11,997 oligoprobes (35-40 mer) was prepared as previously described. 16 ) RNA extraction, amplification and labeling of aRNA, hybridization, and quantification of spot intensity were also performed as previously described. 16) Data analysis was performed using ArrayAssist software (Stratagene, La Jolla, CA). Local background substitution, Lowess normalization, and pairwise t-test were applied to identify differentially expressed genes. Three RNA samples were used for each condition at 0 to 12 h after salt treatment, and 1 to 2 samples for conditions at 24 h to 12 d.
Real-time quantitative PCR. To verify the accuracy of the microarray assays, real-time quantitative PCR was performed as previously described. 16 ) Briefly, single strand cDNA was synthesized from total RNA using a QuantiTect Reverse Transcription Kit (Qiagen, Tokyo) according to the manufacturer's instructions. Real-time quantitative PCR was performed using a QuantiTect SYBR Green PCR Kit (Qiagen) with LightCycler (Roche Diagnostics, Basel, Switzerland). The primers used are listed in Table 1 . The expression of four up-regulated genes, Bg04-13 I01 (zinc-finger protein), CL1291Contig1 (ankyrin repeat protein), CL354Contig1 (unknown protein), CL1184Contig1 (ACC oxydase), and two randomly selected downregulated genes, CL1228Contig1 (DnaJ-like protein) and Bg04-02 P08 (BURP domain containing protein), was examined. The gene (Bg05-07 C15) encoding glyceraldehyde 3-phosphate dehydrogenase (GDPH) was used as an internal control.
To examine the activity of the 35S promoter in A. tumefaciens, total RNA was isolated from A. tumefaciens transformed with B. gymnorhiza genes (Bg04-13 I01, CL1291Contig1, CL354Contig1, and CL1184Contig1) grown in liquid LB medium (OD 600 = 1.5), and then the expression levels of endogenous genes for A. tumefaciens 30S ribosomal protein S15 and translation initiation factor IF-2 (AE007869), and the transferred genes, Bg04-13 I01, CL1291Contig1, CL354Contig1, and CL1184Contig1 in each Agrobacterium strain, were examined by real-time quantitative PCR. The primers used are listed in Table 1 .
Plasmid DNA preparation. Plasmid DNA was extracted from E. coli and from Agrobacterium suspension culture using QIAprep Spin Miniprep Kits (Qiagen).
Sequencing. DNA sequencing reactions were conducted using a Big Dye terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Tokyo) according to the manufacturer's instructions. Sequence analysis was performed using an ABI3100 capillary DNA sequencer (Applied Biosystems). Raw sequence data was analyzed using GENETYX software (Genetyx, Tokyo), and the sequences were searched against the NCBI non-redundant EST database using tblastx. The nucleotide sequence data reported in this paper are available in the DDBJ database under accession nos AB429341-AB429362.
Rapid amplification of cDNA ends (RACE). Because several previously isolated EST clones were truncated cDNAs, full length cDNA was obtained by 5 0 -RACE using a Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA) according to the protocol supplied. As gene specific primers for CL764Contig1 and Bg04-13 B17, 5 0 -ACCTCAAAATGTGGTTCCTGAGAGGAC-3 0 and 5 0 -GTGAAATTAAGAGAACCCTGGGGTATC-3 0 respectively were designed based on known sequences. Amplified fragments were cloned into pCR2.1 and sequenced. Construction of expression vectors. The coding region of each cDNA was PCR amplified using sequence specific primers (Table 2) and PrimeSTAR HS DNA polymerase (Takara Bio, Ohtsu), and then cloned into pENTR/D-TOPO cloning vector (Invitrogen, Tokyo) according to the manufacturer's instructions. The expression vectors were generated using LR RecombinaseÔ and in vitro recombination between the entry clones and the destination vector. Destination vector pGWB2 (the gift of Dr. Tsuyoshi Nakagawa, Shimane University) contains the CaMV35S promoter for cDNA expression.
Agrobacterium functional screening. A. tumefaciens strain EHA105 was transformed with expression vectors by electroporation, and was cultivated on LB agar medium supplemented with hygromycin (50 mg l À1 ) and kanamycin (50 mg l À1 ) for 2 d at 30 C. The salt tolerance of the Agrobacterium clones was examined on LB medium supplemented with 170 (original LB medium), 300, 350, 400, or 450 mM NaCl and antibiotics. Each clone was liquid-cultured in LB medium supplemented with antibiotics overnight at 30 C. A 50 ml aliquot of the cell suspension was subcultured in 5 ml of fresh medium to an OD 600 of 0.5, and then diluted to an OD 600 of 0.1. A volume of 5 ml of each diluted cell suspension cell was spotted onto NaCl-containing LB agar medium, and the cells were allowed to incubate for 3 d at 30 C.
Plant transformation and stress assay. Arabidopsis thaliana plants (ecotype Columbia) were transformed by floral dipping.
21) The plants were grown at 22 C under a 16 h light/8 h dark cycle. Hygromycinresistant T 1 and T 2 seedlings were selected on 1/2 Murashige-Skoog (MS) medium supplemented with 20 mg l À1 hygromycin, 100 mg l À1 cefotaxime, 1.0% sucrose, and 0.8% agar. For stress assay, 4-or 5-dold wild-type seedlings and hygromycin-resistant T 2 seedlings were transferred onto 1/2 MS medium supplemented with 1.0% sucrose, 0.8% agar, and 0 mM or 150 mM NaCl, and incubated for an additional 10 d. Seedling fresh weight was determined, and the relative fresh weight ratio (150 mM/0 mM NaCl) was determined.
Results and Discussion
Root morphology and ion concentration of B. gymnorhiza Roots of young B. gymnorhiza are classified morphologically into two types, main and lateral roots (Fig. 1) . We preferentially analyzed changes in the ion concentrations in both types of roots from salt-treated B. gymnorhiza, since root tissues are exposed to saline conditions and morphological differences in them might play physiologically important roles in salt tolerance. The ion concentrations in the leaves were also measured for comparison. The ion concentration of B. gymnorhiza was determined at 0, 1, 3, 6, 12, and 24 h, and 3, 6, and 12 d after treatment with 500 mM NaCl (Fig. 2) . The Na þ concentration in the main and lateral roots concentration in both types of roots increased after salt-treatment, and that in the main root was 3 times higher than that in the lateral roots. On the other hand, The Cl À concentration in the leaves was very high (500 mM) even under non-stressed conditions, and further increased, up to 900 mM, after salt treatment. Similar Cl À accumulation in the leaves of salt-treated B. gymnorhiza was previously reported.
16) The Na þ concentration in the leaves was almost stable at a higher level (about 200 mM). Thus the Cl À content in B. gymnorhiza was regulated differently among leaves and the two types of roots, with the minimum and maximum accumulation in the lateral roots and leaves respectively under stressed conditions (Fig. 2) .
Gene expression profiling of B. gymnorhiza roots RNAs were extracted from the samples used for ion measurement, and transcriptome profiling was performed using the oligomicroarray. The complete microarray data set is available in the NCBI GEO under accession no. GSE10942.
The expression profiles of 11,997 genes in mangrove plants under salt stress were similar in the lateral and main roots, but 175 and 403 genes were identified with significantly increased high expression (p < 0:01, fold change > 2) in the lateral roots and the main roots respectively (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site). Under conditions of salt stress, genes homologous to blight-associated protein p12 precursor protein genes and the mangrin gene from another mangrove plant, which confer salt tolerance to transgenic tobacco cells 18) were preferentially expressed in the lateral roots as compared to the main roots, and the genes for bg70 proteins and BURP domain-containing proteins 22, 23) were preferentially expressed in the main roots as compared to the lateral roots. No remarkable difference in gene expression was observed to account for the unbalanced Cl À distribution evident in Fig. 2 .
Attention was focused on genes up-regulated in the early time period, 1 to 12 h after salt treatment, because regulatory genes that play important roles in the stress response were expected to respond quickly following salt treatment. Genes with statistically up-regulated expression (p < 0:01, fold change > 2) in roots treated with 500 mM NaCl were identified by pairwise t-test at 1, 3, 6, and 12 h after salt treatment, and 225, 383, 576, and 520 genes respectively were identified to be salt responsive in the roots under salt stress (Supplemental Table 2 ; see Biosci. Biotechnol. Biochem. Web site). One hundred and sixty genes were up-regulated between 1 and 12 h (Supplemental Table 3 ; see Biosci. Biotechnol. Biochem. Web site). The up-regulated genes included not only the genes for peroxidase, thaumatinlike protein, and pathogenesis-related protein PR-6, which have been identified in the roots of salt-treated B. gymnorhiza 15) but also novel genes such as genes for C 2 H 2 , WRKY, and MYB transcription factors. The up-regulated genes also included genes for CCR protein, lipid transfer proteins, nam-like protein, and heavy metal transporter, which have been reported to be upregulated in the leaves of salt-treated B. gymnorhiza. It is noteworthy that only a few transcription regulators were identified as up-regulated genes in the previous study using the same microarray, but at least 25 of the 160 up-regulated genes identified in this study were transcription factors. The accuracy of the microarray assays was verified by real-time quantitative RT-PCR for six selected saltresponsive genes (Fig. 3) . Most of the real-time quantitative PCR results were in good agreement with the microarray results.
Agrobacterium functional screening of the saltresponsive genes
We constructed the expression vectors of 28 selected salt responsive genes for plant transformation (Table 2) . Because no genes for transporters, antiporters, or ion channels, which could have accounted for the unbalanced Cl À distribution in the mangrove plant, were detected by gene expression profiling, we selected highly up-regulated genes and transcription factor genes for further functional analysis. Transcription factors, such as DREB1, 3) are involved in signaling cascades triggered by environmental stimuli and play important roles in abiotic stress tolerance. Genes similar to known salt tolerance-related genes such as LEA protein and aquaporin genes were also selected. Prior to the generation of transgenic plants with expression vectors, followed by functional analysis in planta, the salt tolerance of A. tumefaciens transformed with 28 salt responsive genes with the GUS gene as a control was examined on LB medium supplemented with increasing concentrations of salt (Fig. 4) . We expected that certain proteins such as LEA and aquaporin would confer salt tolerance to A. tumefaciens, because these proteins would play the same roles in prokaryotes and eukaryotes. Contrary to our expectations, A. tumefaciens transformed with the genes for lipid transfer protein, zinc finger transcription factor, and ankyrin repeat protein were tolerant to 300, 350, and 350 mM NaCl respectively concentrations which inhibited colony formation in A. tumefaciens transformed with the GUS gene (control) and the other 25 genes tested.
To examine the activity of the 35S promoter in A. tumefaciens, expression of the introduced genes, driven by the 35S promoter, was examined by real time quantitative RT-PCR. Total RNA was isolated from four A. tumefaciens clones transformed with B. gymnorhiza genes (Bg04-13 I01, CL1291Contig1, CL354Contig1, and CL1184Contig1) and then the expression levels of each transferred gene and the endogenous 30S ribosomal protein S15 gene were determined, and were represented as values relative to that of the translation initiation factor IF-2 gene as an internal control (Fig. 5) . Each of the Bg04-13 I01, CL1291Contig1, CL354Contig1, and CL1184Contig1 genes was expressed specifically in the corresponding clone. The expression levels were higher than those of two endogenous genes, the 30S ribosomal protein S15 and translation initiation factor IF-2 genes.
Salt tolerance of transgenic Arabidopsis Bg04-13 I01, CL1291Contig1, and CL894Contig1 were introduced into Arabidopsis, and the presence of the introduced genes in the transformants was confirmed by PCR using gene specific primers (data not shown). Their T 2 seeds were transplanted to 1/2 MS medium supplemented with 150 mM NaCl (Fig. 6A, B) , and seedling fresh weight was determined after an additional 10 d (Fig. 6C) . Transgenic strains expressing CL1291Contig1 and CL894Contig1 exhibited significantly enhanced growth under salt stress in comparison with the wild type. Bg04-13 I01 transformants also showed relatively enhanced growth in comparison with the wild type. Thus, salt tolerance gene candidates Log 2 values of the signals ''stressed/non-stressed'' of microarray and real-time quantitative PCR data in the main roots were compared for six selected genes that were significantly up-or down-regulated by salt treatment. The expression of Bg04-13 I01 (zinc-finger protein), CL1291Contig1 (ankyrin repeat protein), CL354Contig1 (unknown protein), CL1184Contig1 (ACC oxydase), CL1228Contig1 (DnaJ-like protein), and Bg04-02 P08 (BURP domain containing protein) was examined. gymnorhiza Genes. Agrobacterium cell suspension was spotted onto NaCl-containing LB agar medium, and the cells were allowed to incubate for 3 d at 30
C. The results for seven clones, including the GUS (control), are shown. The experiment was repeated 4 times with similar results.
selected by Agrobacterium functional screening conferred salt tolerance on transgenic plants.
CL1291Contig1 encodes an ankyrin repeat containing protein. Ankyrin repeat protein has been reported to be involved in protein-protein interactions, 24, 25) and it is possible that the protein participates in the protein network for salt tolerance in B. gymnorhiza. No relationship between ankyrin repeat protein and plant salt tolerance has been reported, and this observation provides novel insight into the study of the salt tolerance mechanism of the mangrove plant. Bg04-13 I01 is similar to the Arabidopsis STZ (Zat10) gene (E value 7e-08, score 68.0), which has been reported to be salt responsive and conferred salt tolerance on STZ overexpressing plants. 26, 27) These results suggest that the zinc finger transcription factor is also involved in the salt tolerance mechanism of the mangrove plant.
CL894Contig1 is homologous to lipid transfer proteins. These proteins facilitate the transportation of lipid to the call wall for the biosynthesis of cutin layers and the surface waxes of leaves as a defense mechanism in response to pathogen attack, 28) and can be induced by drought and abcisic acid treatment. 28, 29) Expression of a pepper lipid transfer protein gene in transgenic Arabidopsis conferred high levels of tolerance in NaCl and drought stress, 30) suggesting that mangrove lipid transfer protein plays a similar role.
It is doubtful that these identified gene products are functional in plants and A. tumefaciens in the same manner, because major mechanisms of gene expression are different between prokaryotes and eukaryotes. Nevethless, the data presented here and successful identification of mangrin by E. coli functional screening 18) suggest that Agrobacterium functional screening is an effective supplemental method to pre-screen numerous candidate genes for abiotic stress tolerance selected by microarray analysis. However, the function of plant specific genes should be evaluated properly in plant cells or whole plants, for otherwise some genes crucial for plant salt tolerance might be lost during functional screening in Agrobacterium. The use of plants as host organisms in overexpression screening should result in the identification of different sets of salinity tolerance genes. Future experiments in our laboratory include detailed analysis of transgenic plants expressing the genes identified in the current study, and functional screening using plants as hosts, which should identify additional genes involved in salt tolerance in the mangrove plant. The growth of transgenic and wild-type (WT) Arabidopsis on medium supplemented with 0 mM (A) or 150 mM (B) NaCl. The photographs were taken at 10 d after transplantation to NaClcontaining medium. C, Relative fresh weight ratios (150 mM/0 mM NaCl). All values are means AE SD (n ¼ 5).
Ã Significantly different from control WT at P < 0:05 by Student's t-test. The experiments were performed twice, with similar results. Small letters after clone name represent independent transgenic strains.
